It has been demonstrated in an experimental study in swine using the scanning electron microscope that a rebreathing technique utilising minimalfresh gas f10wrates significantly improves c1imatization of anaesthetic gases. Consequently, effects of various anaesthetic techniques on airway climate must be assessed, which covers the need for suitable measuring devices. Basic principles and methods of humidity measurement in flowing anaesthetic gases include gravimetric hygrometry, dew point hygrometry, wet-dry bulb psychrometry, mass spectrometry, spectroscopic hygrometry and electrical hygrometry. A custom-made apparatus for continuous measurement of humidity and temperature in the inspired and expired gas mixtures of a breathing circuit (separated by a valve system, integrated between the endotracheal tube and the Y-piece) is described. Comparative evaluation of this apparatus and the psychrometer was carried out. It could be demonstrated that the apparatus, measuring with capacitive humidity sensors, is more suitable for prolonged use under clinical conditions than the psychrometer. In the second part of the study, c1imatisation of anaesthetic gases under clinical conditions was investigated using fresh gas flowrates of 0.6, 1.5, 3.0 and 6.0 IImin. In the inspiratory limb of the circuit an absolute humidity of 21.3 mg H 2 0!1 and a temperature of 31.5 QC were obtained after 120 minutes of minimal flow. Humidity and temperature of inspired air obtained with fresh gas flowrates of 6.0 and 3.0 IImin were found to be inadequate for prolonged anaesthesia. Reducing the fresh gas flow to 1.5 IImin increases heat and moisture content in the respired gases, but conditions are still inadequate for prolonged anaesthesia. Sufficient moisture t~20 mg H 2 0!I) and temperature are obtained under minimal flow conditions after one hour.
surgical specialties present with chronic bronchopulmonary disorders (e.g. smokers) 22, 23, 30, 35 . With respect to complications of prolonged anaesthetic procedures with inadequately climatized anaesthetic gases, it was of interest to answer the following questions: 1. Which technique is suitable for prolonged measurement of temperature and humidity in anaesthesia breathing systems under clinical conditions, allowing analysis of heat and moisture conditions in both inspiratory and expiratory gases? 2. Does a reduction of the fresh gas flowrate in circle systems improve climatization of anaesthetic gases?
To what extent can effects of rebreathing on heat and humidity be optimized? 3. Can morphological damage of the respiratory epithelium secondary to prolonged anaesthesia using high fresh gas flowrates be identified? Is such damage also present when the fresh gas supply to the system is reduced to low or minimal flow?
SECTION I MEASUREMENT OF HUMIDITY AND TEMPERATURE IN FLOWING GASES
Basic principles "Humidity" is a measure of the amount of water vapour present in a gas or a gas mixture. This may be expressed in a number of ways, e.g. dew point temperature, by weight, or partial pressure. The definition of absolute humidity is "mass of water vapour per unit volume of dry gas", i.e. mg H 2 0/I. Relative humidity (RH) is the ratio of the actual water vapour pressure to the saturation vapour pressure at a given temperature.
Most materials, whether natural or synthetic, react to the humidity of the atmosphere. This is reflected by changes in physical, electrical and chemical properties. Consequently, quantifying such changes may allow assessment of humidity of the ambient atmosphere. Leonardo da Vinci, who described a device for measuring the change in weight of a ball of wool, is credited with the first description of such a phenomenon. In the eighteenth century the mechanical hygrometer was invented and the dew point temperature defined. Three terms embody the principles of most humidity measurement instruments:
condensation -evaporation -absorption.
Measurement of humidity in respiratory or anaesthetic gases has been performed on the basis of greatly varying measurement techniques and apparatus designs. The inherent difficulty is that the gases are flowing with continually changing velocity6, resulting in considerable variations in temperature and humidity Anaesthesia and Intensive Care, Vol, 22, No, 4, August, 1994 during inspiration and expiration. In addition, water is not only present as vapour or gas, but also in a liquid state as an aerosol. The following measurement techniques have thus far been utilised to investigate the climatization of respiratory or anaesthetic gases.
Gravimetric hygrometer (weight of absorbed moisture),, 2, [56] [57] [58] A problem with the application of this principle to anaesthetic gases is the impossibility of measuring exactly the amount of the gas volume.
Dew point hygrometry59
This is based on measurement of the temperature at which moisture condenses out of the atmosphere, a condition commonly observed. At the dew point, or frost point, the gas mixture is saturated with respect to water (or ice). There is dynamic equilibrium between the water (or ice) film on the cooled surface and water in the vapour phase. The saturation partial pressure of the condensate is equal to the water vapour partial pressure in the gas. One refinement of the technique is the photoelectric detection of dew formation on a mirror surface. Application of thermoelectric cooling to control the mirror temperature at the saturation temperature provides reliable and continuous measurement. The major hygrometer errors arise in the temperature measuring system and depend on the type of temperature sensor used and the signal processing required to produce an output.
Wet-dry bulb psychrometry6,5o,6o (see below)
Mass spectrometry (partial pressure of water vapour) 6I,62 This is a complex and expensive technique. Errors are introduced due to condensation of water vapour in the sampling system.
Spectroscopic hygrometers
A number of absorption bands characterising the water molecule fall in the infrared region (1-10 /lm). The response of these infrared analysers is fast and sensitivity high.
Electrical hygrometry
These systems have varying operating systems and technical features 63 ,68. Variation in ambient relative humidity can produce a change of resistance in materials such as hygroscopic salts, carbon powder, ceramic materials etc. The materials are usually applied as a film over an insulating substrate and are termi-nated by metal electrodes. The material most commonly used is the lithium chloride element. Systematic calibration is essential since calibration can vary with time, contamination and, particularly, exposure to humidity and temperature extremes. Response time is slow, with a settling time of 5 to 10 minutes.
Other types of hygrometers are the electrolytic hygrometer, e.g. the aluminium-oxide sensor. Accuracy depends on the validity of the flow measurement and 100070 absorption of the incoming water. In oxygen-rich gas, errors arise from a catalytic recombination of oxygen and hydrogen to water, which is re-electrolysed.
In the present study a capacitive humidity sensor of dielectric organic polymer was used (see below)69.
The methods listed above have been investigated in in vitro and in vivo studies. However, individual studies show considerable variations in the measurement design and/or can only be carried out under experimental conditions. All of the methods have inherent advantages and disadvantages as well as sources of error, which are discussed above and in the following sections.
The development of a humidity and temperature measuring apparatus
It was the first aim of the studies to develop a measurement design allowing humidity measurement over an extended period of time in a closed anaesthesia system in patients undergoing surgery. During preliminary trials a humidity sensor (capacitive measurement technique, Rotronic Company, Zurich, Switzerland) was integrated into the breathing system between the Y -piece and the endotracheal tube. It became obvious that considerable condensation was unavoidable between the Y -piece and the tube. The humidity sensor became wet after only a short exposure to humidity levels above 100070. Heating of the tube, Y -piece and the tube system was not a viable solution as it suppresses physiological condensation processes in this area, resulting in warming of the respiratory gases and, consequently, in inaccurate measurements. On the basis of these considerations and in cooperation with the Rotronic Company, an apparatus for the continuous measurement of moisture was developed and manufactured. The factors listed below were of particular concern for the construction of the apparatus: -no humidity measurements in the area of condensation between the endotracheal tube and the Y-piece; -independence of the measurement from airflow velocity; -determination of relative humidity outside the area of saturation in consideration of the risk of hysteresis in this area and a delayed onset of action; -a short response time, in order to allow measurements of the inspiratory and expiratory flow without interruption; -high sensitivity and good long-term stability; -continuous measurements over a long period of time.
Description of a new developed humidity and temperature measuring apparatus Humidity and temperature were measured using a continuous monitoring device ( Figure 1 ). Two values of relative humidity and the associated temperatures were measured simultaneously and recorded continuously using a Rikandenki printer. A valve system fitted between the endotracheal tube and the Y -piece separated the inspired from the expired gas. A precision pump diverted gas samples through two thermoregulated Teflon lines from the inspiratory and expiratory limbs of the valve system. The temperature of the gases was measured with aPT-lOO temperature probe prior to sampling. In two thermostatically controlled measurement chambers the gas was equilibrated at a pre-selected temperature of 41 QC; relative humidity was measured. As a consequence of the higher preselected temperature in the measurement chamber, the settling time of the sensor is reduced from 10 to 3 sec. At the same time, the accuracy of the sensor increases within the range of 10 to 60070 RH. The gas samples were subsequently returned to the breathing FIGURE 1: Apparatus for continuous measurement of moisture and temperature from the inspired and expired gas mixtures of a breathing circuit, separated by a valve system, integrated between the endotracheal tube and the Y-piece. a=valve system separating the inspired from the expired gas, band c = thermostatically controlled tubes for sampling from the breathing circuit, d = tubing to the pump, e and f = temperature sensors to measure temperature of the samples, g=thermostat to heat the sampling tube, h=thermostat and control system for the two measurement chambers, i = temperature sensor controlling the thermostat of the measurement chamber, k and 1= humidity sensors (Rotronik), m and n = thermostatically controlled measurement chambers, 0 = tubing to return gas samples to the breathing system, p = display unit. system. The humidity sensor was made of dielectric organic polymer (Rotronic). Its electrical conductivity linearly reflects relative humidity of the gas sample in the measurement chamber; accuracy of the sensor was ± 2 % relative humidity 70. The sensors were calibrated using a salt solution in a special calibration clwmber at 35 and 80% humidity. In consideration of the influence of ambient temperature on the water content of anaesthetic gases, room temperature was measured separately (PT-lOO temperature probe).
The calculation of absolute humidity
The level of absolute humidity for the respiratory gas samples in mg H 2 0/1 was determined on the basis of the measured relative humidity levels (% RH) and of either the corresponding temperature values recorded in the two thermostatically controlled measurement chambers or of the temperature at the sampling site according to Mollier's I-X diagram for humid air. A total ambient pressure of 760 mmHg was assumed for the calculation.
Apparatus for measurement of humidity and temperature in the inspiratory and expiratory gas mixture in closed anaesthesia systems with various fresh gas flow rates
Inspiratory and expiratory gases are separated between the endotracheal tube and the Y -piece by a mechanical valve system. This allows measurement of the inspiratory gas mixture in one m.easurement chamber and of the expiratory gas mixture in another ( Figure 1 ).
Breathing gas is continuously sampled from both limbs of the valve system containing the inspired and expired gases; temperature measurements are recorded for each sample at the sampling site.
Comparative evaluation of the humidity and temperature measurement apparatus and the psychrometer
A number of fundamental investigations of the tracheobronchial climate and of airway climatization have been performed with the psychrometric tech-nique6.50.60. Psychrometers are frequently utilised as reference instruments for industrial use. Reference measurements with the psychrometer in closed anaesthesia systems have the disadvantage that the water evaporated by the psychrometer is subsequently absorbed by the investigated system where it becomes part of the total amount of water present. Inaccurate measurements may result from this process. This may be excluded by application of the measurement design used in this study. Comparative measurements with a Anaesthesia and Intensive Care, Vol. 22, No. 4, August, 1994 psychrometer were therefore performed under clinical conditions.
Measurements were carried out using a precision psychrometer (Ellab) equipped with a device continuously providing moisture to the wet measurement site, connected to electronic frost points (Omega Engineering Inc., Stamford, CT, USA, Type MCH-K) and to the Siemens Compensograph. Both sensors were placed in a silicon tube which was fitted between the two gas sampling sites of the discussed measurement design. The psychrometer and the newly developed measurement apparatus were installed simultaneously between the endotracheal tube and the Y -piece.
The measuring principle of the psychrometer
Evaporation of water is more rapid in a dry than in a humid atmosphere and accompanied by cooling. Cooling as the result of evaporation is expressed as the difference between air temperature (t) and the temperature of a moistened and therefore cooled thermometer (th)' This difference in temperature (t-th) is described as a psychrometric difference, ~t. A psychrometer is a cooling sensor consisting of a dry and a moistened thermometer. The operating principle of the psychrometer is based on the physical process of evaporation during which a heat exchange occurs in parallel with a substance exchange. The substance exchange-water evaporation-is stimulated by the vapour pressure difference between saturation pressure at the water surface and the water vapour partial pressure of the ambient air. Evaporation strives for the state Pw (water temperature) = p (air temperature). Heat exchange is stimulated by the difference between the temperature of the water surface and of the air temperature. Heat exchange strives for a temperature balance: tw = t.
Evaporation requires heat. In an accurate psychrometer the evaporating water surface must be supplied with heat of evaporation from only the passing air. Any significant warming or cooling of the water surface by the instrument itself or as a result of radiation must be avoided. The result is adiabatic cooling of the air, as no other source of heat is available. In the state of saturation the abovementioned balance of temperature and water vapour pressure is attained. In the psychrometer the passing air therefore has to be saturated adiabatically with water. The balance temperature th shown by the wet thermometer is, in combination with the original air temperature, t, an unequivocal measure for the air humidity at a known total pressure. Psychrometry is a highly accurate and simple measurement technique. Exact measurements (measuring accuracy ±2%) can be obtained if the following conditions are met: -no temperature difference between the two thermometers in dry state; -high accuracy and resolution of both thermometers; -constant air flow velocity of 2-3 m/s (cannot be realised within the breathing system during ventilation); -close-fitting wick; -no radiant heat from the environment; -any heat transfer from the wet bulb reservoir to the continuously moistened wick must be avoided; -no impurities of the water; -no water condensation or chemical air pollution at the measurement site. Calibration of the Ellab psychrometer is carried out before every single measurement with a precision thermometer in a waterbath warmed at 20 and 40°C. Determination of the measurement values for .:1t is performed according to Mollier's I-X-diagram.
METHODS
Continuous measurements of humidity and temperature in the inspiratory and expiratory gas mixtures were carried out for a total of eight anaesthetic procedures at a duration of 120 minutes each. The elements required for temperature measurements with the psychrometer were placed in a silicon tube which was fitted between the respiratory gas sampling sites and the temperature sensors of the humidity and temperature measuring apparatus (Rotronic, Zurich, Switzerland). The lungs of all patients were ventilated, using a rebreathing system with a fresh gas flow (FGF) of 1.0 IImin. Ventilatory rate (VR) 10 min -1, mean expiratory volume (EMV) 6.6±0.6 IImin, and room temperature 22.8 ±0.8 QC, room humidity 5.7 ± 1.1 mg H 2 0/I.
Statistical analysis
The following recorded values were analysed: inspiratory temperature (Rotronic measurement apparatus), inspiratory temperature (psychrometer), expiratory temperature (Rotronic), expiratory temperature (psychrometer) ( Figure 2 ) and inspiratory relative humidity (Rotronic), inspiratory relative humidity (psychrometer), expiratory relative humidity (Rotronic), expiratory relative humidity (psychrometer) (Figure 3 ). Statistical analysis was performed with twofactor variance analysis.
RESULTS
Mean values, with standard deviations for the relative humidity and temperature values in the inspiratory and expiratory gas mixtures measured during anaesthesia, are shown in Figures 2a and 2b . Comparison revealed significant differences (P::50.01) in the inspiratory temperature and inspiratory relative humidity between the two methods. 
DISCUSSION
The purpose of this clinical study was the comparative assessment of the psychrometer for prolonged anaesthetic procedures and the above-described apparatus. The results obtained during the initial measurement phase were similar for both systems.
Comparison of the data reveals two significant developments: (a) The inspiratory temperatures measured with the psychrometer were on the average 2 QC lower than those recorded with the PT-lOO measurement components. (b) Approximately 45 minutes after the induction of anaesthesia, a pronounced increase in the inspiratory relative humidity values obtained with the psychrometer was observed. The plotted curve shows a significant difference from values recorded with the Rotronic apparatus. Ingelstedt 6 has investigated airway climatization with a specially designed micropsychrometer. He focused on the psychrometric measurement technique and on sources of error related to this method. In the course of preliminary trials under controlled laboratory conditions, he was able to eliminate the sources of error discussed above. He described the following difficulties: during continuous measurements with the psychrometer carried out simultaneously in the inspiratory and expiratory gas flow, condensation occurs in the warm and saturated expiratory gases in the area of the dry bulb. During subsequent inspiration of cold er and unsaturated gases evaporation is present in the area of the dry bulb, resulting in inaccurate measurement due to adiabatic cooling of the dry temperature sensor. The dry bulb changes to a "wet" one. As this is accompanied by a reduction in the ~t value (measurement difference between the dry and the wet bulb), incorrectly high values of relative humidity during inspiration are determined on the basis of the respective tables. Shanks also cited the inaccuracy of measurement or unsuitability of the psychrometric measurement technique in the presence of humidity differences associated with condensation and misting over of the dry temperature sensor46.47.60. None of the trials performed by Ingelstedt 6 was carried out over a period of more than a few minutes. Dick 50 avoided the described difficulties by performing measurements only in the expiratory branch of a non-rebreathing system. During long-term investigations the psychrometer could only be applied at certain intervals and at the risk of a change in measurement conditions in the system.
The present results obtained with the described humidity and temperature measuring apparatus do not confirm condensation phenomena or inaccuracies of measurements even under conditions of prolonged anaesthetic procedures. Despite the advantage of its simple and inexpensive components, the psychrometer has been replaced for industrial use by the electronic hygrometer for protracted measurements, due to the fact that under certain conditions the latter provides Anaesthesia and Intensive Care. Vol. 22, No. 4, August, 1994 more precise measurements. In summary it could be demonstrated that the measurement apparatus developed in co-operation with the Rotronic company is more suitable for prolonged measurements under clinical conditions than the Ellab psychrometer.
SECTION 11
In the second part of our investigation we studied the climatisation of anaesthetic gases under clinical conditions using fresh gas flowrates of 0.6 lImin (minimal flow), 1.5 lImin (low flow), 3.0 lImin (medium flow), and of 6.0 lImin (high flow) using the abovementioned continuous monitoring equipment.
METHODS
A total of 51 prolonged anaesthetics were conducted in adult patients ( Table 1 ). In group I, 18 trials were carried out using an anaesthesia machine with a rebreathing system (AVl, Drager) and a FGF 0.6l1min. FGF was set at 4.0 lImin prior to equilibration of volatile agents at 1 MAC. In groups 11, III and IV with 11, 10 and 12 anaesthesia trials respectively, another anaesthesia machine with a rebreathing system (Sulla 800V, Drager) was used at fresh gas flowrates of 1.5, 3.0 and 6.0 lImin. Five trials of group I were recorded over a period of 600 min. Figures 3a and 3b show the variations in temperature of the inspired air and the absolute humidity values over a period of 120 minutes with different fresh gas flow rates. It is obvious that the reductions of the fresh gas flowrate from 6.0 to 3.0 or from 1.5 to 0.6 lImin result in a continuous improvement of the climate. A delay of approximately 90 minutes occurs, even under minimal flow conditions (AVl) before the absolute humidity of the inspired air reaches 20 mg H 2 0/I. Similarly, the effect of reducing the fresh gas flow from 6.0 to 3.0 and 1.5 IImin (Sulla 800V) is observed after a delay of approximately 90 minutes. 21 ·c Tables 2 and 3 show the absolute values for humidity and temperature of inspired air under different fresh gas flowrates after 120 minutes of ventilation .
RESULTS
The relationship between humidity of inspired air and fresh gas flowrates after 120 minutes of ventilation was investigated using regression analysis (Figure 4 ). Since the factor, relevant to humidification, is not only the fresh gas flowrate, but the ratio of FGF to expired minute volume (EMV), the EMVlFGF quotient is given on the x-axis as a reference value. The individual values measured in groups I to IV are plotted as a dotted line and the mean values are presented as a line of open circles. A significant correlation was found between the absolute humidity values of inspired air at 120 minutes respiration time and the EMVlFGF quotient (r=0.83, P=O.OOOI). It can be deduced from the graph that a fresh gas flow of 1.5 IImin will not increase the absolute humidity of inspired air if the minute volume is only 1.5 IImin. On the other hand, a reduction of fresh gas flow to 1.5 IImin with an EMV of 6.0 IImin increases humidity. Humidification can be greatly improved by reducing FGF to 0.5 IImin with an EMV of 6.0 IImin. Figures 5a and 5b show the course of temperature and absolute humidity of inspired and expired gases over a period of 600 min. EMV/FGF FIGURE 4: Regression analysis of the absolute humidity (mg H20/I) obtained after 120 minutes of ventilation in closed anaesthesia system with different fresh gas flowrates (FGF). The reference value of the x-axis is the quotient of expiratory minute volume (EMV) and fresh gas flow (FGF).
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DISCUSSION
It is one of the aims of anaesthesia to maintain a tracheobronchial climate similar to that achieved by spontaneous nasal breathing. This prevents heat and water losses39.4o.5o and impairment of mucociliary clearance13. This is of particular interest in anaesthesia longer than 120 minutes and in patients with pre-existing bronchopulmonary diseases. Dery showed that, with constant alveolar conditions, an input of cold and dry air shifts the isothermic saturation boundary to the bronchioles 71 . This causes impairment of mucociliary clearance in the lower respiratory tract, resulting in the consequences described above. To overcome the adverse effects of non-rebreathing anaesthesia systems in patients, complex and potentially dangerous humidifiers are needed. In consideration of the disadvantageous waste of anaesthetic gases and the resulting environmental pollution, the use of non-rebreathing anaesthesia systems can no longer be advocated as a viable option63-65.72.73.
The present investigation showed that a delay of approximately 90 minutes occurs, even under minimal flow conditions (AV1), before the absolute humidity of the inspired air reaches 20 mg H 2 0/I. This is explained by the influence of room temperature and the high thermal conductivity of the metal parts used in the breathing circuit. In the initial phase of ventilation, expired gases lose approximately 40 to 50070 of their moisture through condensation in the breathing system (Figures Sa and Sb) . Losses would be even greater if there were no addition of moisture and heat from the soda lime. Retention of moisture and heat in the expired gases could be greatly improved during the first two hours of respiration by using a thermostatically controlled breathing circuit which would eliminate condensation in the respired gases 74. Further improvement of the climatization of anaesthetic gases in the early phase of ventilation under minimal flow conditions can be achieved by modification of anaesthesia machines. A comparison of the AVl with a recently developed anaesthesia machine (Cicero, Drager) showed significantly higher inspiratory humidity and temperature in the first hour of ventilation in the Cicero'5. The circle system "compact system" of the Cicero is heated and the inspired gas passes through the soda lime three times.
The investigation of prolonged anaesthetics showed that the minimal flow technique may provide optimal gas climate in the late phase of anaesthesia. The moisture and temperature measured at the end of a tenhour ventilation were 27 mg H 2 0/l and 33 QC, respectively ( Figures Sa and Sb) . This is similar to the values obtained using humidifiers 69 • Various authors have addressed the question of how climatization of anaesthetic gases may be improved. Only a few authors 61 ,6},65.?67R have investigated conditions achieved with minimal flow-or closed systemtechnique. A review of the literature published in the last fifteen years on the subject of minimal flow and closed circuit techniques shows that ideal gas climate is obtained only after a relatively long delay (Table 4 ). This is in agreement with the results presented herein. Absolute values of 19 to 28 mg H 2 0/l were reported. This wide scatter can probably be attributed to the differences in measurement techniques described above. Few physical variables can be measured by so many different methods as humidity of flowing gases. Every measurement procedure has specific error sources and influencing factors which alone account for the wide range of reported data. However, all results are within the range considered as ideal humidification 69.
SECTION III
A previously described porcine model'9 was used in the third part of the study, since various publications confirm that respiratory conditions in piglets correspond closely to those in humans.
Animals were allocated to three groups: Group I: Control group. Thoracotomy and removal of the tracheobronchial tree were performed approximately 20 minutes after induction of anaesthesia, 
RESULTS
Group I Specimens from animals from Group I (Figures 6 and 7) (trachea, primary and secondary bronchi) were lined with a ciliary epithelium in a "wheat field" pattern projecting into the lumen. The individual cilia had a length of 5-6 /tm and a thickness of 0.25 /tm. Spherical mucous droplets were present at the tips of the cilia in a diffuse pattern. The mucous droplets in the tracheas and in the primary bronchi of the animals in Group 11 (Figures 8 to 13) showed considerable changes in size and shape. Some of the droplets had burst or were clinging to the cilia. Occasionally, they had piled up on the epithelium covered with remnants of cilia or were completely desiccated and strawberry-shaped. The cilia were diminished in size and in several of the specimens tight clusters of cilia were observed, with the cilia winding around each other, or twisted, forming solid cones which were bent and touching the surface of the epithelium. Large areas of cilial rarefication covered with defective cilia, exposing epithelial cells, were seen. Broken cilia were dispersed among the degenerated mucous droplets like individual bunches of grass in a desert covered with rock debris. Group III
In all specimens from the animals in this Group (Figures 14 to 17 ) the ciliary epithelium was relatively unchanged, arranged in a regular pattern, the size of the individual cilia being normal. Pathological changes were not observed in the cilia or in the mucous droplets. FIGURES 14-17: Scanning electron microscopic images of the tracheobronchial tree of pigs after ten hours of ventilation with minimal FGF (0.5 IImin) (n=4). The respective magnifications are shown in the bottom of the figures. The regular and dense ciliary epithelium covering of the mucous membrane is almost perfectly preserved. Spherical mucous droplets are present at the tips of the cilia. 
DISCUSSION
Ventilation for ten hours utilising minimal flow technique (Group Ill) did not damage either the mucus or the cilia. The specimen obtained in animals ventilated with high FGF over a period of 10 hours (Group II), by contrast, exhibited damage to the mucus and particularly to the cilia, ranging from severe to extremely severe. Prolonged ventilation with high fresh gas flow apparently has a significant cooling and desiccating effect, especially in the areas of the cilia and mucous droplets, the effect being most severe around the bifurcation and in the first generation of bronchi. This is in accordance with the shift of the isothermic saturation boundary from the area of bifurcation to the bronchi 8 ].82. Desiccation of the mucous layer covering the cilia initially results in reduced transport of mucus, with subsequent reduction and impairment of ciliary activity23.
During the last phase, complete desiccation of the cilia was observed. The inhaled dry air, the moisture content of which can not be maintained at adequate levels in proximal airways, subsequently causes damage in the area of the secondary bronchi. Results are retention of secretion and the occurrence of micro-atelectasis, right-left shunt and eventually arterial hypoxaemia 24 -27 . Depending upon the duration of exposure, inflammatory reactions of the epithelium accompanied by hyperaemia and ulceration have been described 12.13.16.23.24. According to results published in the literature, a period from several days to weeks is required by the undifferentiated cells of the basal layer for repair of the damage23.35.37. Severe impairment or dysfunction of mucociliary clearance, with subsequent possible postoperative pulmonary complications, has been reported 29 . 31 .
CONCLUSIONS
Airway climatisation has, until recently, been the Cinderella of anaesthetic research activities. With the increasing number of elderly patients exposed to prolonged surgery this is no longer acceptable.
Measurement of water content of anaesthetic gases is an appropriate approach to the assessment of airway climate. It does, however, require meticulous attention to avoid methodological pitfalls. Clinically applicable techniques are scarce and a thorough understanding of their limitations is crucial for the interpretation of measured values. The use of reduced fresh gas flowrates ("minimal flow") is a most appropriate means to improve airway climate. It offers a viable alternative to the use of heat and moisture exchangers in prolonged anaesthesia and in patients with respiratory complications.
Significant damage to tracheobronchial epithelia due to inadequate airway climatization is proven and must be regarded as an avoidable complication of anaesthesia.
